In gram-negative organisms, enzymes belonging to the low-molecular-weight protein tyrosine phosphatase (LMPTP) family are involved in the regulation of important physiological functions, including stress resistance and synthesis of the polysaccharide capsule. LMPTPs have been identified also in gram-positive bacteria, but their functions in these organisms are presently unknown. We cloned two putative LMPTPs from Bacillus subtilis, YfkJ and YwlE, which are highly similar to each other in primary structure as well as to LMPTPs from gram-negative bacteria. When purified from overexpressing Escherichia coli strains, both enzymes were able to dephosphorylate p-nitrophenyl-phosphate and phosphotyrosine-containing substrates in vitro but showed significant differences in kinetic parameters and sensitivity to inhibitors. Transcriptional analyses showed that yfkJ was transcribed at a low level throughout the growth cycle and underwent a B -dependent transcriptional upregulation in response to ethanol stress. The transcription of ywlE was growth dependent but stress insensitive. Genomic deletion of each phosphatase-encoding gene led to a phenotype of reduced bacterial resistance to ethanol stress, which was more marked in the ywlE deletion strain. Our study suggests that YfkJ and YwlE play roles in B. subtilis stress resistance.
In higher eukaryotes, protein phosphorylation on tyrosine residues is a key mechanism for cell-cell communication, signal transduction, vesicle traffic, and regulation of cell proliferation and differentiation (21, 36) . Tyrosine phosphorylation also plays an important role in many other aspects of cell physiology and embryonic development (14, 21) . The human genome contains 90 genes for protein tyrosine kinases (PTKs) and 107 genes for protein tyrosine phosphatases (PTPs) (1) .
The study of protein tyrosine phosphorylation in bacteria presents some technical challenges (13) . Nevertheless, a number of reports have demonstrated the presence of tyrosinephosphorylated intracellular proteins in archaea (47) , mycobacteria (7) , and gram-negative organisms (23, 27, 39, 51) . PTKs and PTPs have also been isolated from bacteria (9, 41) , suggesting that this posttranslational modification may play an important role in bacterial physiology.
Genome sequencing projects have shown that enzymes similar to eukaryotic PTPs are encoded by many bacteria and archaea (24, 25) . Most of the chromosome-encoded PTPs are class I or class II enzymes (1) , also known as dual (serine/ threonine and tyrosine)-specificity PTPs and low-M r PTPs (LMPTPs), respectively. Classical class I PTPs, like the plasmid-encoded YopH, which is a virulence factor of Yersinia pestis and Yersinia pseudotuberculosis, have also been identified (1, 10) . LMPTPs are among the most ancient and highly conserved subfamilies of PTPs. The first bacterial LMPTPs were isolated from Erwinia amylovora (5) , Acinetobacter johnsonii (15) , and Escherichia coli (54) . These enzymes show a remarkably high degree of identity (ϳ30%) with their human homologs.
The physiological functions of bacterial LMPTPs remain largely unknown, although some hints are given by the organization of genes surrounding the PTPs on the chromosome. For example, the gene encoding the AmsI LMPTP of E. amylovora is located within the ams operon, which controls capsular exopolysaccharide synthesis (5) . Similarly, the Ptp LMPTP of A. johnsonii can dephosphorylate the transmembrane autokinase Ptk, which regulates the synthesis of colanic acid, a fundamental component of the Acinetobacter capsule (15) . In fact, control of polysaccharide capsule composition by an autokinase-LMPTP pair encoded in the cps or cps-like operon has been found to be a conserved feature among gram-negative organisms (55) . For example, Wzb, one of the pair of LMPTPs (Wzb and Etp) in E. coli (54) , as well as one LMPTP from Klebsiella pneumoniae (42) , dephosphorylate a tyrosine autokinase that regulates capsule composition. However, LMPTP functions in gram-negatives are apparently not limited to the regulation of polysaccharide capsule composition: a recent report by Klein et al. (27) showed that the Etp LMPTP of E. coli regulates heat shock resistance by dephosphorylating the sigma factor RpoH and the anti-sigma factor RseA. Interestingly, this function was not shared by the second LMPTP in E. coli, Wzb, providing a first example of nonoverlapping functions of LMPTP pairs in bacteria.
LMPTPs have recently also been found in gram-positive organisms (48) , but it is not yet known if these enzymes have functions similar to those of their homologs in gram-negative bacteria. Although the regulation of capsular composition by an autokinase/PTP pair seems to occur in Streptococcus pneumoniae and Staphylococcus aureus (3, 34, 46) , it was found that the PTP encoded by the cps operon of S. pneumoniae belongs to an unrelated family of Mn 2ϩ -dependent PTPs (35) rather than being an LMPTP. The first PTP isolated from B. subtilis, YwqE, is also a Mn 2ϩ -dependent enzyme and is located in a cps-like operon. Within this operon, YwqE is able to dephosphorylate the tyrosine autokinase YwqD and the kinase substrate YwqF, which is a UDP-glucose dehydrogenase (30, 32) .
In the present study we report the genetic and biochemical characterizations of two B. subtilis LMPTPs, YfkJ and YwlE. The two enzymes are active as PTPs in vitro but show significant differences in their biochemical properties. Deletion of the corresponding coding genes affected B. subtilis resistance to ethanol stress.
MATERIALS AND METHODS
Bioinformatic and statistical analyses. BLAST searches and amino acid sequence comparisons were performed using the NCBI site (http://www.ncbi.nlm .nih.gov/BLAST/). Genomic context analysis was performed using SEED (http: //theseed.uchicago.edu/FIG/index.cgi), a genomic database and annotation platform provided by the Fellowship for Interpretation of Genomes. This software supports a comparative genome context analysis across a collection of ϳ300 complete (or almost complete) genomes (38) . Experimental errors were evaluated according to the method of J. R. Taylor (50) using the Excel X for Mac software (Microsoft Corporation).
Reagents. Pfu Turbo was from Stratagene (La Jolla, CA). BIOMOL GREEN reagent was purchased from Biomol Research Labs (Plymouth Meeting, PA). Tyrosine phosphopeptides were provided by E. Ruoslahti (The Burnham Institute), and the serine and threonine phosphopeptides were purchased from Upstate (Charlottesville, VA). All other reagents were from ICN Biomedicals (Irvine, CA) or Sigma (St. Louis, MO) unless otherwise stated.
B. subtilis culture and physiological assays. Transformation of B. subtilis was performed as described by Anagnostopoulos and Spizizen (2) . Liquid cultures of B. subtilis were performed in Luria-Bertani (LB) medium or in Schaeffer's sporulation medium (SM) (17) . Induction of transcription by ethanol (EtOH) stress was analyzed by following the procedure described by Price et al., using 5% EtOH (43) . EtOH survival assays were carried out as described by Völker et al. (56) with slight modifications. Cells were grown overnight at 37°C in LB agar and then inoculated in LB medium and grown at 37°C to an optical density at 540 nm of 0.3 to 0.4, at which time EtOH was added to a final concentration of 9% (vol/vol). The specific growth rate of the culture was monitored before and after the stress. Aliquots of the culture were sampled at 30, 60, 90, 180, and 260 min, and appropriate dilutions were plated in duplicate on LB agar to determine cell viability. Survival was calculated as a ratio between the average number of colonies at the indicated times and the number of colonies at time zero (11, 56) . For analysis of motility, B. subtilis strains were spotted onto a semisolid plates of tryptone (1.0 g tryptone, 0.5 g NaCl, 0.27 g agar in 100 ml water; after sterilization, 1 ml of 10ϫ Spizizen salts, 5 g/ml tryptophan, and 5 g/ml phenylalanine were added to the media) and CK's proline (0.25 g agar was solubilized in 100 ml water and sterilized before the addition of 1 ml of 10ϫ Spizizen salts, 5 g/ml tryptophan, 5 g/ml phenylalanine, 0.7 mM sorbitol, and 0.2 mM proline) (28, 59) . As the bacteria metabolize nutrients, a chemical gradient is established, resulting in the formation of a ring as the bacteria tax outwards. Differences in the swarm diameters show diversity in strain motility. B. subtilis strains were tested for ␣-amylase and protease activity by growing them on TBAB (tryptose blood agar base; Difco) starch and TBAB milk plates, respectively, prepared as described previously (17) . Antibiotic selection in B. subtilis strains was carried out at the following concentrations: for chloramphenicol, 5 g/ml; for kanamycin, 2 g/ml; for spectinomycin, 50 g/ml; and for erythromycin, 1 g/ml plus lyncomycin at 25 g/ml.
Construction of B. subtilis strains and isolation of recombinant proteins. B. subtilis strains and plasmids used are listed in Table 1 . Primers used in the study are listed in Table 2 . Site-directed mutagenesis was performed using the QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) according to the ) was achieved by singlecrossover integration of a plasmid constructed using the vector pMUTIN2, carrying a 330-bp yfkJ internal fragment cloned between HindIII and BamHI (primers MUTKJHIND-FW and MUTKJBAM-RV) and an erythromycin resistance cassette (32) . Integration of the plasmid caused disruption of yfkJ expression, while expression of the genes 3Ј to yfkJ in the same operon (yfkI and yfkH) was placed under the control of the IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible P spac promoter. A polar deletion of yfkJ (strain LM02) was achieved by double-crossover integration of a plasmid constructed using the vector pJM105A (40) , which replaced 446 bp within the yfkJ gene with a chloramphenicol cassette. The right arm was cloned between the HindIII and KpnI sites (primers JRIGHT-HIND-F and JRIGHTKPN-R), while the left arm was cloned between the SacI and PstI sites (primers JLEFTSAC-F and JLEFTPST-R). The genomic deletion of ywlE (strain LM24 [⌬ywlE]) was achieved by double-crossover integration of a plasmid constructed using the vector pJM134A (M. Perego, unpublished data), which replaced 426 bp within the ywlE gene with a spectinomycin cassette carrying a terminator. The right arm was cloned between the HindIII and KpnI sites (primers WLEHIND5Ј and WLEKPN3Ј), while the left arm was cloned between the PstI and EcoRI sites (primers WLEBAM5Ј and WLEECO3Ј). A B. subtilis strain carrying a double deletion of yfkJ and ywlE was also generated by transformation of the LM02 strain with the DNA construct used for generating the ⌬ywlE deletion strain. Diagnostic PCRs were carried out to ensure plasmid integration within the yfkJ operon or deletion of yfkJ or ywlE.
The promoter regions of yfkJ (from nucleotide [nt] Ϫ255 to nt ϩ12 from the ATG codon) and ywlE (from nt Ϫ387 to nt ϩ33 from the ATG codon) were cloned, respectively, in the SmaI site and between the EcoRI and BamHI sites of the vector pJM115 (40) (primers YFKJ5ЈSAC2 and JLEFTPST-R for yfkJp and primers WLEPROMECO-FW and WLEPROMBAM-RV for ywlEp), which allows the expression of a transcriptional fusion with E. coli ␤-galactosidase upon integration via double crossover at the amyE gene of the B. subtilis chromosome.
Isolation of GST-or His 6 -tagged recombinant proteins was performed by single-step affinity chromatography using glutathione Sepharose 4B (Amersham Biosciences, Piscataway, NJ) or Ni-nitrilotriacetic acid (NTA) agarose (QIAGEN Inc., Valencia, CA), respectively. The purity of recombinant proteins was consistently over 95%, as determined by Coomassie blue staining of gels.
Phosphopeptides and phosphosubstrate dephosphorylation assays. Dephosphorylation of phosphopeptides and other phosphorylated compounds was carried out at 37°C in a 50-or 100-l total volume. For YfkJ, the reaction buffer was 50 mM sodium citrate, pH 6.0, or 50 mM Bis-Tris, pH 6.0. The substrate hydrolysis rate was measured either by reading the p-nitrophenol absorbance at 405 nm after the addition of 200 l of 1 M NaOH to the reaction mixture and using the extinction coefficient of 18.000 M Ϫ1 cm Ϫ1 for p-nitrophenol or by reading the absorbance at 620 nm after the addition of 100 to 200 l of BIOMOL GREEN reagent to the reaction mixture and calculating the release of inorganic phosphate by comparison with a standard curve of inorganic phosphate. The nonenzymatic hydrolysis of the substrate was corrected by measuring the control without addition of enzyme. For YwlE, the reaction buffer was 50 mM MES (pH 5.5), 1 mM dithiothreitol (DTT) and the hydrolysis rate was always measured by the addition of BIOMOL GREEN reagent. Absorbance readings were carried out on a PowerWaveX340 microplate spectrophotometer (Bio-Tek Instruments, Inc., Winooski, VT). The time of the reaction, amount of enzyme, and concentration of the substrate were optimized to have a linear kinetics. The initial hydrolysis rate (v 0 ) was measured in triplicate for p-nitrophenyl-phosphate (pNPP) and in duplicate for phosphopeptides.
Kinetic parameters were determined by fitting the data to the MichaelisMenten equation or to the Michaelis-Menten with substrate (S) inhibition equation:
//www.lsbu.ac.uk/biology /enztech/inhibition.html), using nonlinear regression and the Prism software (GraphPad Prism version 4.00 for Mac OS X; GraphPad Software, San Diego, CA). The K i for vanadate was evaluated by fitting the data to the MichaelisMenten equation for competitive inhibition:
is the concentration of the inhibitor, in molar units) using the same software.
Purification and dephosphorylation of Spo0FϳP and Spo0BϳP. His 6 -Spo0F (50 M) was phosphorylated with KinA (0.5 M) and [␥-
32 P]ATP (0.3 M at a specific activity of 6,000 Ci/mmol) in the phosphorelay buffer (50 mM EPPS [4-(2-hydroxyethyl)piperazine-1-propanesulfonic acid], pH 8.5, 20 mM MgCl 2 , 0.1 mM EDTA, 5% glycerol) for 1 h at room temperature. ATP was added to a final concentration of 1 mM, and the phosphotransfer was continued for another hour (52) . Spo0FϳP was purified by using Ni-NTA agarose equilibrated with binding buffer (50 mM Tris-HCl, pH 8, 300 mM NaCl, 10 mM imidazole, 5 mM ␤-mercaptoethanol). The column was washed with 10 ml of binding buffer, and protein elution was obtained with binding buffer containing 150 mM EDTA. Fractions containing radioactivity were dialyzed in 20 mM HEPES-NaOH, pH 7.0, 0.1 mM EDTA, 10% glycerol. Aliquots were stored at Ϫ80°C. The ratio of Spo0F to Spo0FϳP in the purified sample was estimated by analysis on a 10% Tris-glycine native polyacrylamide gel electrophoresis gel stained with Coomassie blue. The concentration of Spo0F/Spo0FϳP used throughout this study refers to the fraction of Spo0FϳP only. His 6 -Spo0B (100 M) was labeled in a 250-l reaction mixture containing KinA (10 M), Spo0F (100 M), and [␥-
32 P]ATP (0.3 M at a specific activity of 6,000 Ci/mmol) in the phosphorelay buffer (50 mM EPPS, pH 8.5, 20 mM MgCl 2 , 0.1 mM EDTA, 5% glycerol) for 1 h at room temperature. ATP was added to a final concentration of 1 mM, and the phosphotransfer was continued for another hour (53) . The reaction was mixed with Ni-NTA agarose equilibrated with binding buffer containing 20 mM Tris-HCl, pH 7.4, 50 mM KCl, 5 mM imidazole, and 5 mM ␤-mercaptoethanol. Two additional washes with binding buffer containing 10 mM imidazole were carried out before the protein was eluted in buffer containing 20 mM Tris-HCl, pH 7.4, 50 mM KCl, 250 mM imidazole, and 5 mM ␤-mercaptoethanol. Fractions (500 l) were collected, and 4 l of each was run on a 15% sodium dodecyl sulfate (SDS)-acrylamide gel. The gel was directly exposed to a PhosphorImager screen (Molecular Dynamics/ Amersham Biosciences, Piscataway, NJ) and analyzed after 1 h of exposure. Fractions containing radioactivity were dialyzed in 20 mM Tris-HCl, pH 7.4, 0.1 mM EDTA, 1 mM DTT and concentrated using a Centricon-10 concentrator (Amicon/Millipore, Bedford, MA). Protein concentration was determined with a Bradford-based Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA).
The dephosphorylation assay used to test YwlE and YfkJ activity on Spo0FϳP and Spo0BϳP was carried out at 37°C in a reaction buffer containing 50 mM HEPES-NaOH, pH 7.0, 2 mM EDTA, 1 mM DTT. A time course assay was done in which His-YwlE (1.5 M) or GST-YfkJ (1.5 M) was incubated with 1.5 M Spo0FϳP or Spo0BϳP. Control reactions were performed using Spo0FϳP or Spo0BϳP in the reaction buffer in the absence of the phosphatase. At the time points indicated in the figure, 15 l of samples was withdrawn and the reactions were stopped by the addition of 3 l 5ϫ SDS loading buffer (25 mM Tris-HCl, pH 6.8, 1.5% SDS, 5% ␤-mercaptoethanol, 10% glycerol, 0.02% bromophenol blue). Samples were loaded onto 15% SDS-PAGE. Electrophoresis was carried out at constant voltage (100 V) for 2 h. The gels were dried and exposed overnight to a PhosphorImager screen and then analyzed with Image Quant software (Molecular Dynamics/Amersham Biosciences, Piscataway, NJ).
␤-Galactosidase assay. ␤-Galactosidase assays were performed as described previously (12) . Cultures were grown in LB medium or SM. Samples were taken at the stated intervals, and the activities are expressed in Miller units (33) .
RT-PCR. RNA was extracted from strains JH642, LM58 (⌬yfkJ), and LM24 (⌬ywlE) grown in 3 ml LB medium overnight at 37°C using the RNAqueous kit from Ambion (Austin, TX). Turbo-DNase (Ambion, Austin, TX) was added to each RNA preparation at a final concentration of 0.05 U/g RNA/l for 1 h at 37°C and then inactivated by addition of EDTA to a final concentration of 5 mM and heating the mixture at 75°C for 10 min. The amount of extracted RNA was determined by measuring its absorbance at 260 nm. Reverse transcription (RT) was performed on 400 ng RNA, starting from nt ϩ337 from the ATG of yfkH or from nt ϩ1060 from the ATG of ywlE, using the primer H3Ј or LFRV, respectively, and ImPromII reverse transcriptase (Promega, Madison, WI). PCRs on the RT products were performed using primers KJNDE-FW and KJXHO-RV for yfkJ, 64F and 63R for yfkIH, and YWLF-FW and YWLF-RV for ywlF, with AmpliTaq polymerase (Roche, Basel, Switzerland). PCR performed using equal amounts of nonretrotranscribed RNA was used as a control for genomic DNA contamination of the RNA samples.
RESULTS

Bioinformatic analysis of B. subtilis LMPTPs.
A BLAST analysis of the completed and annotated B. subtilis genome (29) was carried out using the human LMPTP-A tyrosine phosphatase as the query sequence. Two genes were identified, yfkJ Ϫ6 ], respectively). Additionally, YfkJ and YwlE showed a 29% amino acid identity and 53% similarity (E ϭ 9 ϫ 10 Ϫ8 ) to each other (the matrix used was BLOSUM62). An amino acid sequence alignment of YfkJ and YwlE with other prokaryotic and eukaryotic LMPTPs is shown in Fig. 1 . Two amino acid sequence motifs are conserved in all LMPTPs: the CXGNXCR stretch at the N terminus defines the P-loop of LMPTPs and corresponds to the CX 5 R motif in all PTPs (44) , while the DP motif is part of the phosphatase D-loop and is followed by two tyrosines in nearly all LMPTPs (44, 58) .
Our BLAST search revealed the presence of an additional gene with a lower degree of similarity to the human LMPTPs. This protein is a low-molecular-weight arsenate reductase (arsC/yqcM) and is known to have a similar fold but a quite different catalytic mechanism and extremely weak phosphatase activity in vitro (4). We also found that YfkJ and YwlE are included in a single cluster of orthologs (COG) (49) available at the website http://www.ncbi.nlm.nih.gov/cgi-bin/COG /palox?COG0394. On a similarity tree (also available at the same website), based on multiple sequence alignments of all proteins belonging to the COG, YwlE appears to be distant from YfkJ, and both B. subtilis enzymes are distant from the E. coli LMPTPs.
On the B. subtilis annotated chromosome, yfkJ seems to be the first of a putative three-gene operon (yfkJ, yfkI, and yfkH), while ywlE seems to form an operon with the genes ywlC, ywlD, ywlF, and ywlG (29) . We performed for the two genes a genome context analysis, including clustering of genes on the chromosome, domain fusions, and cooccurrence profiles. Such analyses often provide important clues to cellular functions of genes (38) . A genome context analysis of yfkJ (illustrated in Fig. S1 of the supplemental material) revealed that homologs of genes encoding the inducible RNase BN (yfkH), described for E. coli (6) , and a small conserved protein of unknown function (yfkK) have a strong tendency to cooccur in the genomic neighborhood of yfkJ. This tendency is observed over a broad range of gram-positive bacteria, including most of the sequenced species of Bacillus and Staphylococcus aureus. yfkH and yfkK genes are clustered on the chromosome in all sequenced strains of Listeria spp., where yfkJ orthologs are present in a remote locus. All three genes, yfkJ, yfkH, and yfkK, are conserved but dispersed over the chromosome of Bacillus halodurans. On the other hand, homologs of yfkI (for which there is no known function) are present (and coclustered) only in a compact group, including in Bacillus anthracis, Bacillus cereus, and Bacillus thuringiensis.
A genome context analysis performed for ywlE revealed an extensive pattern of conservation and possible functional coupling (illustrated in Fig. S2 of the supplemental material) . A conserved chromosomal cluster containing ywlE extends well beyond the boundaries of a possible ywl operon. Distal genes prfA and hemK, as well as ywlC, are the most conserved components of this cluster, as detected in a total of 28 sequenced genomes of rather divergent gram-positive bacteria, including all sequenced species of Bacillus, Staphylococcus, Listeria, and Clostridium and of Moorella thermoacetica, Exiguobacterium sp., and Thermoanaerobacter tengcongensis. Interestingly, all three genes are united by a common "theme"-ribosome and translation. The gene hemK encodes an essential and widely conserved N 5 -glutamine methyltransferase, which modifies peptide release factors, including the one encoded by its conserved chromosomal neighbor, the essential gene prfA (18) . Although a precise function of ywlC (widely conserved in many bacteria) is not known, its homolog SUA5 is an essential gene subtilis LMPTPs was then measured using pNPP as the substrate. The pH optima for His-YfkJ and His-YwlE were 6.0 and 5.5, respectively ( Fig. 2A) . Inclusion of 1 mM DTT significantly improved the activity of YwlE (data not shown). Both YfkJ and YwlE dephosphorylated pNPP according to MichaelisMenten kinetics (Fig. 2B ), but YwlE was inhibited by a high concentration of the substrate. The K m values were found to be 0.244 Ϯ 0.009 mM for His-YfkJ and 0.157 Ϯ 0.024 mM for His-YwlE, respectively. These values are comparable to those reported for S. aureus PtpA and PtpB (48) and consistent with those reported for several eukaryotic and prokaryotic Cysbased PTPs and for eukaryotic class IV PTPs (a newly isolated class of metal-dependent and non-Cys-based eukaryotic PTPs) (8, 15, 20, 45) . The rate constants (k cat ) were calculated to be 0.640 Ϯ 0.006 s Ϫ1 for His-YfkJ and 0.010 Ϯ 0.001 s Ϫ1 for His-YwlE, which are similar, respectively, to the reported k cat of S. aureus PtpA and PtpB for pNPP (48) . We noticed that the activities of S. aureus and B. subtilis LMPTPs on pNPP appear to be several orders of magnitude lower than those of several eukaryotic PTPs or some gram-negative PTPs (8, 15, 20, 45) .
Both Cu 2ϩ and Zn 2ϩ efficiently inhibited the activity of YfkJ and YwlE (Fig. 2C) , while the addition of Mg 2ϩ , Ca 2ϩ , or Fe 3ϩ to the reaction buffer had minimal effects on both phosphatases even at 5 mM (data not shown). YfkJ and YwlE were differently sensitive to Na 3 VO 4 , a classic PTP competitive inhibitor: while it inhibited YwlE in a competitive manner, with a K i of 224 nM, YfkJ was insensitive to this inhibitor ( Fig. 2D and data not shown). The serine phosphatase inhibitors NaF and NaPP did not inhibit YfkJ, while YwlE was insensitive to NaF but was significantly inhibited by 5 mM NaPP (data not shown and Fig. 2E ). In contrast, 5 mM NEM completely inhibited both enzymes, while 5 mM iodoacetamide reduced the activity of YfkJ by 65% and of YwlE by 79% (data not shown). The enzymes were then assayed using phosphoamino acids, phosphopeptides, and other phosphorylated compounds as substrates. For comparison, we included the human LMPTP-A and -B enzymes, which are considered to be tyrosine-specific enzymes in vitro and in vivo (44) . YfkJ showed modest activity on phosphotyrosine but was unable to dephosphorylate a phosphotyrosine-containing peptide modeled after the C terminus of the mammalian tyrosine kinase Lck (Table 2) . YwlE, on the other hand, was as active against phosphotyrosine as human LMPTP-B and was even more active against several tyrosine phosphopeptides ( Table 2) . Neither of the two enzymes were active on phosphoserine-or phosphothreonine-containing substrates. The two bacterial LMPTPs and the two human en- zymes dephosphorylated other phospho-compounds very similarly (Table 2) , with the exception of a moderate activity of YwlE against glucose-1-phosphate. Both enzymes were able to dephosphorylate ␤-naphthyl phosphate but were inactive against ␣-naphthyl phosphate, which is consistent with our and other reported data on human LMPTPs (57) . Neither YfkJ nor YwlE were able to dephosphorylate phospho-Spo0F (previously phosphorylated on Asp-54 by KinA) or phospho-Spo0B (previously phosphorylated on His-30 by phosphate transfer from Spo0F) over a prolonged period of time, suggesting that N-phosphoamino acids are not substrates for the two enzymes (data not shown). Overall, our data are compatible with YwlE and YfkJ being tyrosine-specific phosphatases. The low activity of YfkJ against the phosphotyrosine-containing peptide included in the screen is likely due to a stricter requirement for certain amino acid residues and/or structural determinants surrounding the phosphorylated tyrosine. Alternatively, YfkJ might be specific for a different phosphosubstrate(s) not included in our screen. Next, we evaluated the role of amino acid residues predicted to be critical for catalysis. Since the GST-YfkJ protein was kinetically identical to His 6 -YfkJ against pNPP (data not shown), site-directed mutagenesis was performed on the GSTYfkJ construct. Mutation of Cys-8 to Ser, Arg-14 to Lys, or Asp-125 to Ala completely abolished the enzymatic activity of YfkJ. Corresponding mutations of Cys-7, Arg-13, and Asp-118 in YwlE also completely abolished the enzymatic activity (data not shown). Cys-8/-7 and Arg-14/-13 are critical elements of the P-loop (44) and phosphocysteinyl-substrate intermediate formation, while Asp-125/-118 in the D-loop functions as general base in the catalytic mechanism of LMPTPs (44) .
Transcriptional analysis of B. subtilis LMPTPs. The promoter region of yfkJ includes recognition sequences for both A -and B -dependent transcription (43) . By direct DNA array analysis, Price et al. (43) detected an upregulation of yfkJ transcription after 5 min of ethanol stress in B. subtilis. By rapid amplification of cDNA ends-PCR they also mapped a B -dependent 5Ј end of the yfkJ mRNA immediately downstream from the putative yfkJ B promoter (43) . In order to assess whether the 5Ј-end-flanking regions of yfkJ and ywlE contain promoter activity and regulate such activity in various growth phases and conditions, we cloned a 255-bp fragment (from nt Ϫ255 from yfkJ ATG) containing the whole yfkK-yfkJ intergenic region and a 420-bp fragment 5Ј to ywlE ATG (from nt Ϫ387 from ywlE ATG to nt ϩ33 from ywlE ATG, a fragment long enough to include putative ywlE promoter sequences) into the transcriptional fusion vector pJM115 (40), thus creating, respectively, the yfkJ promoter-lacZ and ywlE promoterlacZ transcriptional fusion plasmids. The B. subtilis strain carrying the yfkJ transcriptional fusion showed an overall low ␤-galactosidase activity in the absence of stress, and for this reason it was analyzed in comparison to a control B. subtilis strain transformed with the empty vector alone. Transcription from the yfkJ promoter showed a peak of activity in the late exponential phase of growth when bacteria were grown in liquid LB medium (Fig. 3A) . When bacteria were grown in sporulation medium, yfkJ activity was almost identical to the control throughout the growth cycle (data not shown). Figure  3B shows that ethanol stress, carried out as described by Price et al. using 5% ethanol (43) , caused a rapid induction of yfkJ transcription. When the experiments were performed in a B. subtilis strain that lacks B , the induction of yfkJ transcription by ethanol stress was absent, confirming that yfkJ transcription is stress inducible and B regulated. The pattern and rates of induction of ␤-galactosidase activity from the yfkJ transcriptional fusion during ethanol stress were compatible with the ones obtained by Price et al. for the yfkJ transcript (43) .
The ␤-galactosidase activity of the ywlE transcriptional fusion showed a peak in the exponential phase of growth, followed by a significant and gradual reduction in the stationary/ sporulation phase ( Fig. 3C and D) . This pattern was independent from the growth medium, although the activity was much higher when bacteria were grown in SM (Fig. 3D) . We did not observe any increase in ␤-galactosidase activity during ethanol stress (data not shown), suggesting that ywlE and yfkJ transcriptional regulation might differ in their stress sensitivities. We concluded from these experiments that the 5Ј-end-flanking regions of both LMPTPs contain sequences necessary for promoter activity. Regulation of these two promoter regions shows significant differences between the two enzymes.
Role of B. subtilis LMPTPs in stress resistance. In order to study the physiological role of the two B. subtilis LMPTPs, we generated two B. subtilis strains carrying a deletion of yfkJ or of ywlE. To avoid polar effects on yfkI and yfkH, yfkJ was disrupted by integration of a pMUTIN2-based plasmid, which places the transcription of genes downstream from yfkJ under the control of an IPTG-inducible promoter (32) . The absence of polar effects in our LMPTP deletion strain was confirmed by RT-PCR amplification of genes downstream of yfkJ and ywlE. Figure 4 shows that the transcription of yfkI and of ywlF was maintained in the ⌬yfkJ and ⌬ywlE strains, respectively. Considering the strategies used to generate the deletion strains, these results suggest that the yfkJ deletion was nonpolar and that ywlF does not form an operon with ywlE.
Deletion of one or the other phosphatase did not affect bacterial growth in liquid LB medium or SM at 37°C and in solid SM at 28°C, 37°C, or 50°C (data not shown). The deletion of one or the other phosphatase did not affect protease or amylase production or bacterial motility (data not shown). The B -dependent upregulation of yfkJ transcription during ethanol stress prompted us to analyze the role of LMPTPs in the general stress response. Thus, the B. subtilis strains carrying deletions of one or the other LMPTPs were analyzed for their ability to respond to ethanol stress, which is known to be an efficient activator of the B regulon. Figure 5 shows that both deletions were able to affect bacterial resistance to EtOH stress for exposure times of 90 min or longer. The nonpolar deletion of yfkJ led to a moderate reduction (around 50%) of EtOH stress resistance (Fig. 5 ). An identical phenotype was shown by the B. subtilis strain LM02, carrying a polar deletion of yfkJ, in two independent experiments (data not shown). The deletion of ywlE led to a more marked (more than 75%) decrease of B. subtilis survival (Fig. 5) after EtOH stress. The strain LM50 carrying a deletion of both phosphatases showed a phenotype similar to that of the ⌬ywlE strain (Fig. 5) .
DISCUSSION
In this study we cloned and biochemically characterized two LMPTPs (YfkJ and YwlE) from B. subtilis. The presence of two enzymatically active LMPTPs has been reported for several other bacteria, including E. coli (54) and S. aureus (48) . The two enzymes were active on pNPP and tyrosine phosphosubstrates in vitro but showed significant differences in their biochemical properties. The optimal pH in the acidic range and the pattern of enzyme sensitivity to mutations of critical residues suggested that both enzymes dephosphorylate their substrate with a mechanism similar to that of known Cys-based PTPs. Overall the pattern of sensitivity of YfkJ and YwlE to inhibitors is very similar to that reported for eukaryotic and prokaryotic LMPTPs and in general for Cys-based PTPs. The insensitivity of YfkJ to vanadate represents an important exception and, to the best of our knowledge, has not been reported for any other LMPTP. Also the inhibition of YwlE by millimolar concentrations of NaPP that we observe has not been reported for other LMPTPs and might be of physiological relevance, as B. subtilis is known to contain between 1.2 and 6 mM pyrophosphate, depending on the growth conditions (31) .
The kinetic parameters of YfkJ and YwlE against pNPP were similar to those of their orthologs in S. aureus, PtpA and PtpB, which are the only other LMPTPs characterized so far from gram-positive bacteria (48) . YwlE showed good specific activity against tyrosine-phosphorylated substrates. In contrast, YfkJ was able to dephosphorylate only free O-phosphotyrosine. This suggests that YfkJ may have a stricter requirement for specific sequence determinants surrounding the phosphorylated residue. None of the two enzymes showed significant activity against other O-or N-phosphorylated amino acids.
The present study also showed that there are significant differences in chromosomal and operon structures between LMPTPs in gram-negative organisms and in B. subtilis, and between the two LMPTPs in B. subtilis. Gram-negative LMPTPs are usually located near a gene encoding a tyrosine kinase within cps or cps-like operons (55) . No such gene could be identified in the operons containing YfkJ or YwlE, or even in their vicinity, in B. subtilis. Although no exhaustive biochemical comparison between LMPTP pairs isolated from gramnegative organisms has been reported to date, differences in biochemical behavior and chromosomal organization seem to be more common among gram-positive than gram-negative LMPTP pairs. Indeed, YfkJ and YwlE share much less similarity in primary structure to each other than LMPTP pairs encoded by gram-negative genomes, like the E. coli YccY (also called Etp) and Wzb (27, 55) . Our phylogenetic analysis showed that LMPTP pairs in gram-positive organisms are evolutionarily distant from each other compared to their gramnegative counterparts. The genome context analysis for the two B. subtilis enzymes did not deliver specific predictions but provided useful guidelines for further experimental studies of functional coupling of each phosphatase gene with coclustered neighbors. It is tempting to speculate that each LMPTP might be involved in the control of the phosphorylation state of one or more of these proteins or their interaction partners.
Transcriptional analyses showed interesting differences between the two B. subtilis LMPTPs. The yfkJ promoter region contains a B recognition sequence, and yfkJ transcription has FIG. 4 . RT-PCR analysis of JH642, LM58 (⌬yfkJ), and LM24 (⌬ywlE) B. subtilis strains. cDNA was synthesized from total RNA using a reverse primer within yfkH (lanes 1 to 9) or within ywlF (lanes 11 to 14) and subsequently amplified by PCR using primers within yfkJ (lanes 1 to 4) , yfkIH (lanes 6 to 9), or ywlF (lanes 11 to 14) . RNA was extracted from lysates of JH642 (lanes 1, 2, 6, 7, 11, and 12) or a ⌬yfkJ (lanes 3, 4, 8, and 9) or ⌬ywlE (lanes 13 and 14) strain. Each RT-PCR lane is followed by a control lane for PCR performed using equal amounts of nonretrotranscribed RNA (lanes 2, 4, 7, 9, 12, and 14). Control PCRs are also shown, using genomic DNA of the wild-type JH642 strain as the template and primers within yfkJ Resistance of LM58 (⌬yfkJ), LM24 (⌬ywlE), and LM50 (double deletion) B. subtilis strains to ethanol stress. Bacteria were grown in LB medium, and lethal stress was administered by the addition of 9% ethanol to early-log-phase cultures as described by Völker et al. (56) . Appropriate dilutions of samples taken at the indicated time points were plated in duplicate on LB solid medium. Survival was calculated as the ratio of the average number of colonies at the indicated times after application of 9% ethanol stress to the number of colonies at time zero. Relative survival was calculated as a ratio between the survival of each strain and the survival of the wild-type JH642 strain under the same experimental conditions. (A) Relative survival after subjection to 9% ethanol stress of the ⌬yfkJ (red lines), ⌬ywlE (blue lines), or double-deletion (green lines) strain. Results for the ⌬yfkJ strain have been obtained by growing both the wild type and deletion strains in the presence of 1 mM IPTG. (B) Growth curves of bacteria used in the same experiments and of control bacteria not subjected to EtOH stress. In panels A and B, two independent experiments for each deletion strain (indicated by filled and empty symbols) are shown.
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been shown by Price et al. (43) and by our data (Fig. 4) to be upregulated in a B -dependent manner during ethanol stress. The 5Ј region of the ywlE gene also showed promoter activity, which drove transcription of a reporter gene in a growthdependent, but ethanol insensitive, pattern.
The stress-dependent upregulation of yfkJ transcription, together with the recent finding that E. coli Etp plays a critical role in bacterial resistance to heat stress (27) , prompted us to analyze the possible role of YfkJ and YwlE in the ethanol stress resistance of B. subtilis. Genomic deletion of each phosphatase led to a phenotype of reduced bacterial resistance to ethanol stress, which was more pronounced in the ywlE deletion strain. Deletion of both phosphatases did not lead to an additive phenotype, suggesting that YwlE is at least partially able to compensate for the loss of YfkJ. The role of each phosphatase and their partial overlap in B. subtilis resistance to ethanol and possibly other stresses needs to be further investigated by complementation and cross-complementation experiments.
In gram-negative organisms tyrosine phosphorylation phenomena are known to be involved in the virulence of Aeromonas spp. (51), and interestingly, the expression of the tyrosine autokinase Etk was found to be restricted to some pathogenic strains of E. coli (22) . A possible involvement of LMPTP genes in virulence would not be surprising, considering that stress resistance plays a role in the virulence of several pathogenic bacilli. For example B. anthracis needs to overcome the extreme oxidative stress and very low pH in the macrophage phagosome during outgrowth (16) . The role of tyrosine phosphorylation pathways in the B -dependent and -independent stress resistance of virulent bacilli also warrants further investigation.
In conclusion, we isolated two B. subtilis LMPTPs and found that they behave as bona fide tyrosine phosphatases. We also found that they play a role in ethanol stress resistance. Protein tyrosine phosphorylation has recently been shown to be present in B. subtilis. The first PTK and PTP pair with their substrate have recently been isolated from this organism and characterized (32) . The final elucidation of the mechanism of action of YfkJ and YwlE in B. subtilis stress resistance will require the isolation of their physiological substrate(s) and/or interactor(s) during bacterial stress.
